Bone formation, for example during bone remodelling or fracture repair, requires mature osteoblasts to deposit bone with remarkable spatial precision. As osteoblast precursors derive either from circulation or resident stem cell pools, they and their progeny are required to migrate within the three-dimensional bone space and to navigate to their destination, i.e. to the site of bone formation. An understanding of this process is emerging based on in vitro and in vivo studies of several vertebrate species. Receptors on the osteoblast surface mediate cell adhesion and polarization, which induces osteoblast migration. Osteoblast migration is then facilitated along gradients of chemoattractants. The latter are secreted or released proteolytically by several cell types interacting with osteoblasts, including osteoclasts and vascular endothelial cells. The positions of these cellular sources of chemoattractants in relation to the position of the osteoblasts provide the migrating osteoblasts with tracks to their destination, and osteoblasts possess the means to follow a track marked by multiple chemoattractant gradients. In addition to chemotactic cues, osteoblasts sense other classes of signals and utilize them as landmarks for navigation. The composition of the osseous surface guides adhesion and hence migration efficiency and can also provide steering through haptotaxis. Further, it is likely that signals received from surface interactions modulate chemotaxis. Besides the nature of the surface, mechanical signals such as fluid flow may also serve as navigation signals for osteoblasts. Alterations in osteoblast migration and navigation might play a role in metabolic bone diseases such as osteoporosis.
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I. INTRODUCTION
Bone formation is an essential part of bone remodelling, the physiological restoration process of the mature skeleton (Seeman, 2009) . In this process, bone designated for overhaul is first removed and then replaced with newly formed bone. Remodelling in both cancellous and cortical bone takes place in a defined compartment referred to as the basic multicellular unit (BMU) (Jilka, 2003; Sims & Martin, 2014) . How a BMU is initiated remains under investigation, but recent findings showed that osteocytes, which reside in the mineralized matrix of bone (Bonewald, 2017) , play a role early in BMU formation, particularly after fatigue damage of bone (Schaffler et al., 2014) .
Upon initiation, BMU formation, for example in cortical bone, is driven by osteoclastic bone resorption, which carves out a bone trench (Fig. 1A, B) . Subsequent osteoblastic bone formation occurs in a temporally and spatially controlled manner at a distance from resorption ( Fig. 1A, B) . In a highly organized way collectives of mature osteoblasts deposit a non-mineralized, organic matrix referred to as osteoid, thereby filling the trench cross section and forming the lamellae that then undergo mineralization. A limited number of mature osteoblasts remain at discrete positions within the newly formed bone and undergo terminal differentiation into osteocytes. In a cortical BMU, both bone resorption and formation are dependent on vascular invasion as it permits infiltration of progenitor cells that give rise to osteoclasts and osteoblasts. Upon exiting a capillary, osteoblast precursors of likely subendothelial perivascular origin are required to migrate to designated areas of bone formation within the at least several hundred micrometer large space (Buenzli et al., 2012) of the BMU. As the BMU displays considerable cellularity (Fig. 1A, B) , migration of osteoblasts is expected to occur on (i) the extracellular matrix produced by BMU cells, including osteoblast precursors and endothelial cells, and (ii) the osseous surfaces, i.e. the resorbed and newly formed bone, produced by osteoclasts and osteoblasts, respectively.
Besides its fundamental role in skeletal physiology, bone formation is also indispensable for skeletal repair, including endochondral fracture healing. For example, in long bone fractures, massive, callus-wide bone formation is typically observed between days 10 and 21 post insult (Fig. 1C) ; osteoblasts required for this bone formation originate primarily from periosteal osteoprogenitor pools but can also be of bone-marrow or perivascular origin (Fig. 1D) . Thus, osteoblast populations are likely to migrate and navigate from these pools to areas of bone deposition and might in humans even cover distances in the millimeter range (Fig. 1E) . Alternately, cells from these pools or perivascular sources may utilize the vascular network to reach their destination within the callus. This is particularly relevant upon vascular invasion of the mineralized cartilaginous matrix. Upon extravasation, osteoprogenitors are required to migrate along osseous surfaces and navigate to their designated areas of bone formation (Fig. 1E) . Together, osteoprogenitors and their progeny migrate within the three-dimensional bone space and navigate to their destination, i.e. the site of bone formation. Herein, we discuss the migration mechanisms of osteoblasts. Our discussion is limited to osteoblasts, largely excluding data from related cell types such as odontoblasts or transformed, i.e. malignant, osteoblastic cells. Although we focus on osteoblasts in post-natal bone, we occasionally draw insightful data from embryonic development. We note that, for the sake of simplicity, the term osteoblasts in this review encompasses osteoprogenitors, immature osteoblasts, and mature osteoblasts.
II. OSTEOBLAST MIGRATION
The migratory potential of cells of the osteoblast lineage was described in detail first by Jones & Boyde (1977) . Examining rat (Rattus norvegicus) flat bone explants, an in vitro scratch assay was employed to stimulate migration of densely packed osteoblasts. Detection of migration on the osseous surface was carried out histologically using electron microscopy ( Fig. 2A) . Observations from the study led to the following conclusions: (i) osteoblasts migrate on bone; (ii) osteoblasts migrate as single cells as well as in close proximity to each other; (iii) migrating osteoblasts display an elongated morphology; (iv) particularly at higher density and under hormonal stimulation, osteoblasts prefer a path along collagen fibrils; and (v) osteoblasts also migrate on exogenous surfaces, such as glass, yet with altered morphology and migratory behaviour.
These and other observations led to the general view that osteoblasts exhibit migratory potential (Dirckx, Van Hul & Maes, 2013) . It was, however, not until recently that the spatial and temporal in vivo dynamics of migration of endogenous osteoblasts were recorded (Fig. 2B) . Geurtzen et al. (2014) investigated osteoblast dedifferentiation in a bone fracture model in the zebrafish (Danio rerio). To allow in vivo time-lapse microscopy of migrating osteoblasts they utilized the ectonucleoside triphosphate diphosphohydrolase 5 promoter to drive osteoblast-restricted expression of the photoactivatable fluorescent protein Kaede. In pulse-chase experiments, controlled photoactivation of Kaede permitted tracking of osteoblasts. Their experiments demonstrated that osteoblasts start to move towards the fracture site within a single day after bone damage and that movement was due to active migration rather than passive displacement caused by cell proliferation. In further studies they used Cre-mediated osterix (Osx) promoter-based labelling to follow undifferentiated osteoblast populations in pulse-chase experiments, and found considerable migration potential in this cell population. These observations are in line with previous findings by Maes et al. (2010) showing that in mouse (Mus musculus) fracture callus, which is expected to harbour migrating osteoblasts, Osx-expressing cell populations are found, particularly in proximity to invading vasculature. The same in vivo study also examined mouse embryonic bone development, comparing the migratory potential of undifferentiated and differentiated Goldner stain of a cortical basic morphometric unit (BMU) in dog radius. 1, osteoclasts; 2, central capillary; 3, osteoblasts. Reprinted with permission from (Schenk & Willenegger, 1964) . Magnification 320:1. (B) Model of the structure and cellular organization of a cortical BMU. Schematic derived from histological assessments such as that in A. Newly formed bone is shaded grey. The dashed arrows denote potential migration paths of osteoblasts. (C) Closed, non-stabilized tibial fracture in mouse. Transcripts for the osteoblast marker osteocalcin (black) and the hypertrophic chondrocyte marker collagen type X (yellow) were superimposed onto adjacent tissue sections stained with safranin-O/fast green. 1, on day 10, osteoblasts deposit bone mainly on the periosteal surface. 2, day 14 is characterized by a large number of individual areas of bone formation throughout the entire callus. 3, after 21 days, osteoblast activity remains prominent in the callus. Blue dotted lines represent the boundary of the callus. Scale bar for images 1-3, 1 mm. Reprinted with permission from Colnot et al. (2003) . (D) Bone grafts derived from lacZ reporter gene mice were used to track cells during healing of non-stabilized tibial fractures. The following three tissue sources were tracked: 1, periosteum; 2, endosteum; 3, endosteum and bone marrow. Images show X-gal stainings on day 14. Osteoblasts were found to derive from all three tissue sources. b, bone; EO, endosteal surface; PO, periosteal surface. The arrow denotes graft-derived osteoblasts/osteocytes. Dotted orange and black lines delimit the bone graft and bone/cartilage junction, respectively. Scale bar for images 1--3: 100 μm. Reprinted with permission from Colnot (2009) . (E) Model of the structure and cellular organization of a typical fracture callus. Representative areas of newly formed bone are shaded grey. The dashed arrows denote potential migration paths of osteoblasts.
Fig. 2. Osteoblast migration. (A)
The osteoblast layer on the endocranial aspect of rat parietal bones was mechanically disrupted and the subsequent migration of osteoblasts onto the cleared bone matrix observed using scanning electron microscopy (SEM) at several time points. 1, SEM at 420 μm field width acquired 8 h post cell clearance. Osteoblasts had partially repopulated the cleared surface. The first-rank cells, i.e. the migration front (marked by arrow) had moved away from their neighbours so that their cell bodies were no longer close to other osteoblasts, although other osteoblasts migrated in a densely packed formation. 2, SEM at 160 μm field width acquired 24 h post cell clearance. Some of the spaced cells of the most forward ranks had migrated with apparent disregard for the pattern of the collagen they had traversed. Reprinted with permission from Jones & Boyde (1977) . (B) Dynamic, non-invasive molecular imaging of osteoblast migration in vivo. Still images from confocal time-lapse microscopy of migrating photoconverted Kaede-labelled zebrafish (Danio rerio) osteoblasts (red) in close proximity to the fracture. Protrusions of one cell are highlighted in yellow, its leading edge with an arrowhead. BF, bright field; dpi, day post injury; entpd5, ectonucleoside triphosphate diphosphohydrolase 5. Scale bar, 20 μm. Reprinted with permission from Geurtzen et al. (2014) . osteoblasts in lineage-tracing studies between embryonic day 12.5 (E12.5) and E16.5. Cells were marked in an inducible fashion using elegant Cre-mediated Osx or 3.2 kb collagen Ia1 (Col1) promoter strategies. Histological analyses revealed the temporal tissue patterns of the marked cells and demonstrated that Osx-expressing rather than 3.2 kb Col1-expressing cells moved from the perichondrium and gave rise to trabecular osteoblasts in the bone cavity. Interestingly, a subset of migrating osteoblasts showed pericytic localization onto the vascular endothelium. Together, these findings demonstrated that in comparison to differentiated, mature osteoblasts undifferentiated osteoblasts migrated more efficiently.
Migration of osteoblasts is likely not to be restricted to single-cell movement but also to occur as collective cell movement. Histological evidence for collective osteoblast orientation can be found in the coordinated alignment of mature osteoblasts, for example, during bone remodelling (Schenk & Willenegger, 1964) (Fig. 1A) . Jones & Boyde (1977) also noted collective cell migration ( Fig. 2A) . They observed that with the exception of the osteoblasts in the first rank, i.e. the migration front, all other osteoblasts moved with minimal spacing and, in particular on a glass surface, showed a sheet-like appearance during migration (Jones & Boyde, 1977) . These findings are consistent with the proposal that collective cell migration contributes to the formation of complex yet highly organized tissues, such as bone, through controlled cell distribution and coordinated cell activities (Rorth, 2009) . Notably, epithelial cells, which often show collective cell movement, prefer single-cell migration after undergoing epithelial-to-mesenchymal cell transition (Baum, Settleman & Quinlan, 2008) . Therefore, we speculate that during differentiation of osteoprogenitors, which have mesenchymal characteristics, into mature osteoblasts, which during active bone formation display epithelial-like features such as formation of a cell layer and cell-cell adherence, the capacity for collective cell movement increases. At least partially, the formation of osteoblast collectives is likely to be mediated through gap junctions composed of six connexin 43 proteins (Zappitelli & Aubin, 2014) .
Lastly, an alternative mode of cell locomotion utilizes protrusions that are rapidly produced and retracted from the plasma membrane, referred to as blebs (Fackler & Grosse, 2008) . In in vitro studies, Panupinthu et al. (2007) and Baldini et al. (2008) found P2X7 nucleotide receptor-mediated blebbing and the associated cytoskeletal reorganization in osteoblasts, but a role of blebbing in osteoblast migration needs to be clarified. All together, these data demonstrated that (i) osteoblasts have migration capacity, (ii) the migration capacity is greater in undifferentiated compared to differentiated osteoblasts, and (iii) osteoblast migration is at least partially related to vascular invasion.
(1) Osteoblast migration: chemotaxis and navigation along gradients of chemoattractants
The sequence of molecular events that many cell types utilize to facilitate movement has been well described and we refer readers to the excellent summaries of this topic (Ridley et al., 2003; Petrie, Doyle & Yamada, 2009 ). In brief, for an adhering cell to move, it polarizes to gain an axis of movement, thereby defining the front and rear of the cell. The leading edge at the front of the cell forms cytoskeletal projections, such as lamellipodia and filopodia, and novel adhesive contacts, and initiates directional cell movement through protusion, along with actin formation. Concomitantly, the rear of the cell retracts through actin disassembly and detachment of adhesions. During forward movement, integrin receptors become endocytosed into early endosomes, recycled, and inserted into the membrane at the cell front (Ulrich & Heisenberg, 2009) .
The cell polarization observed in migrating cells is controlled by the asymmetrical distribution of surface receptors that initiate migration upon ligand binding (Sullivan, Daukas & Zigmond, 1984) . Uniform concentrations of ligands provoke a random non-directional migratory response in cells, referred to as chemokinesis. By contrast, gradients of ligands lead to directed cell migration, referred to as chemotaxis. Ligands that attract cells along a gradient are referred to as chemoattractants. Generally, gradients of chemoattractants have a source and sink in which the chemoattractant is produced and consumed, respectively (Majumdar, Sixt & Parent, 2014) . Cells have the ability to adjust their migration direction along the direction of the chemotactic gradient through endocytosis of the ligand-receptor complex, degradation of the ligand, and recycling of the empty receptor to the surface (Ulrich & Heisenberg, 2009 ).
(a) Osteoblast chemoattractants and repellents
A straightforward method for the identification of chemoattractants of osteoblast-lineage cells is measurement of the migratory response they potentially elicit. This is most frequently done using osteoblasts cultured from bone in combination with migration assays such as the Boyden chamber. A total of 27 chemoattractants have been reported (Table 1) , all of which were discovered utilizing in vitro experiments. Only three of the known factors are classical chemokines of the immune system. This might reflect an intrinsic separation between cell migration in the blood and skeletal compartment which are in close spatial proximity. In studies discussed elsewhere additional chemoattractants were reported for mesenchymal stem cells (MSCs) (Vanden Berg-Foels, 2014) . In accordance with the use of the term MSC in the data summarized herein, MSCs refer to a heterogenous population of cells originally derived from bone marrow which can contain osteoprogenitor cells (Bianco, 2014) .
Some chemoattractants may display specificity for osteoblasts when compared to MSCs. For example, in vitro treatment with transforming growth factor β1 (TGF-β1) stimulates migration of osteoblasts but not MSCs, while bone morphogenetic protein 4 stimulates migration of MSCs but not of osteoblasts (Fiedler et al., 2002) . However, in vivo studies challenge this observation by showing TGF-β1-mediated recruitment of MSCs to the BMU (Tang et al., 2009) . Assuming comparable MSC populations in the in vitro and in vivo studies, this suggests that the chemotactic signals elicited by growth factors with multiple skeletal functions, such as TGF-β1, may vary dependent on the osseous milieu. Notably, activity of some of the osteoblast chemoattractants appears to be regulated by inhibitors such as leukaemia inhibitory factor (LIF) which in vitro blocks migration towards TGF-β1 (Ota et al., 2013) . Another example is suppression of migration by interleukin-1β (IL-1β) (Hengartner et al., 2013) . These inhibitors are factors which inhibit migration in response to a specific chemoattractant, and are termed chemorepellents. Thus far, three such chemorepellents have been identified (Table 2) .
In comparison to the number of reported chemoattractants and repellents, much less is known about the signalling pathways activated in response to them. The clearest information is for platelet-derived growth factor (PDGF) signalling. Recent in vitro work by Schmidt et al. (2015) demonstrated that micro ribonucleic acid 126 (miRNA-126) functions as an indirect regulator of PDGF receptor α expression. In gain-and loss-of-function studies they showed that miRNA-126 can act as positive and negative regulator of osteoblast migration while not affecting proliferation or differentiation (Schmidt et al., 2015) . Because co-cultivation of osteoblasts with vascular endothelial cells leads to an upregulation of miRNA-126 in osteoblasts, miRNA-126 might serve as a stop signal for PDGF-controlled osteoblast migration in close proximity to blood vessels. With respect to signalling downstream of the PDGF receptor, two studies reported phosphoinositide 3-kinase (PI3K) and p38 mitogen-activated protein kinase (p38 MAP kinase) signalling during PDGF-BB-stimulated migration of mouse osteoblasts in vitro (Godwin & Soltoff, 1997; Mehrotra et al., 2004) , in agreement with known signalling pathways involved in cell migration (see Section III). Further, Table 1 . Osteoblast chemoattractants. Studies addressing malignant skeletal cell types were not included. bFGF, basic fibroblast growth factor; BMP-2, -4, -7, bone morphogenetic protein-2, -4, -7; bOB, bovine osteoblasts; Ca5, complement component 5a; CCL5, chemokine (C-C motif) ligand 5; ChK, chemokine; CK, cytokine; CCN1, -6; cysteine-rich 61/connective tissue growth factor/nephroblastoma overexpressed protein 1, -6; COL, collagen; CXCL16, chemokine (C-X-C motif) ligand 16; dhOB, differentiated human osteoblasts; E1, mouse osteoblastic cell line MC3T3-E1; ECM, extracellular matrix; ERK, extracellular signal-regulated kinase; GF, growth factor; GPCR, G protein-coupled receptor; hdOB, human differentiated osteoblasts; hmOB, human marrow-derived OB; hOB, human osteoblasts; IGF-1, -2, insulin-like growth factor-1, -2; IL-4, -10, -13, interleukin-4, -10, -13; LPA, lysophosphatidic acid; MAP, p38 mitogen-activated protein kinase; mOB, mouse osteoblasts; MSC, mesenchymal stem cell; n.a., not applicable; NC, nitrocellulose; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; n.r., not reported; OB, osteoblast; PC, polycarbonate; PDGF-AA, -AB, -BB, platelet-derived growth factor-AA, -AB, -BB; PETE, polyethylene terephthalate; PI3K, phosphoinositide 3-kinase; PIGF-1, placental growth factor 1; ph, purified human; PLC, phospholipase C; pr, purified rat; PTH, parathyroid hormone; PTN, pleiotrophin; r, recombinant; rh, recombinant human; rm, recombinant mouse; rOB, rat osteoblasts; rx, recombinant xenopus; sRANKL, soluble receptor activator of nuclear factor kappa-B ligand; TC, tissue culture-treated; TGF-α, -β1, -β2, transforming growth factor-α, -β1, -β2; TP508, thrombine peptide 508; VEGF-A, vascular endothelial growth factor-A in vitro work by Ren et al. (2012) revealed that phosphorylation of tyrosine 321 of G protein-coupled receptor (GPCR) kinase interacting protein-1 (GIT-1) is essential for proper downstream activity of focal adhesion kinase (FAK) in PDGF-stimulated osteoblast migration. This suggests that in osteoblasts FAK, in concert with the regulator GIT-1, acts upstream of Rho GTPase signalling by integrating signals from tyrosine kinases and integrin receptors. Together, these findings show that osteoblasts orchestrate a specific migratory response based on multi-facetted, generic signalling pathways. Further, they substantiate the intimate relationship between migrating osteoblasts and vascular endothelial cells observed by Maes et al. (2010) and discussed in section II. Although the above studies highlight the pivotal role that chemoattractants play in osteoblast migration, an observation that challenges the idea that they have entire responsibility for the control of osteoblast migration is the fact that few, if any, of the known growth factors and cytokines appear to be specific to osteoblast migration (Tables 1 and 2 ). In fact, all discussed chemoattractants exhibit multiple physiological functions in osteoblasts, i.e. guiding differentiation and proliferation (Janssens et al., 2005; Minuto et al., 2005; Dai & Rabie, 2007) that often occur in temporal-spatial proximity to migration. This strongly suggests that osteoblasts have unknown ways of integrating growth factor or cytokine signals to refine their response, i.e. differentiation or migration. Intriguingly, osteoblast chemoattractants can also provide concurrent physiological signals. In vitro work has reported that parathyroid hormone (PTH) induced loss of the mature phenotype in osteocytes along with increased migratory potential in these cells (Prideaux et al., 2015) , a change likely to be a result of osteocyte dedifferentiation (Torreggiani et al., 2013) .
(b) Sources of osteoblast chemoattractants and repellents
All known osteoblast chemoattractants and repellents (Tables 1 and 2 ) can be released from cells. Within a particular skeletal space, such as the BMU or fracture site, the cell types in sensory reach of osteoblasts vary. For example, in the cortical BMU, cells of the osteoblast lineage interact primarily with other osteoblasts, osteoclasts, vascular endothelial cells and haematopoietic cells (Fig. 1A) , although the latter has not been well described and quantitative cell-type composition over time is dynamic and subject to change. In tissues such as the fracture callus, additional cell types, including peripheral nerve or cartilage cells provide additional cellular sources. To assign chemoattractants definitively to particular cell types, it would be desirable to detect and measure the factor secretion of individual cells accurately in vivo in a temporal-spatial manner. However, current methodology does not permit such measurements. Therefore, it will be important to begin to extend in vitro migration studies of purified chemoattractants and repellents to studies assessing the migration of osteoblasts during two-, three-, or four-party cell interactions with osteoclasts and vascular endothelial cells.
Another important cell type associated with the BMU is the osteocyte. Mature osteocytes are located at the periphery of a BMU as well as formed de novo within the BMU as part of the newly synthesized bone tissue. It is known that osteocytes produce a range of osteoblast chemoattractants (Goldring, 2015; Bonewald, 2017) , including receptor activator of nuclear factor kappa-B ligand (RANKL), PTH, insulin-like growth factor-1 (IGF-1) and vascular endothelial growth factor-A (VEGF-A), and hence they provide chemotaxis signals to osteoblasts. In addition to the secretion of chemoattractants, it should be considered that osteocyte death, which initiates bone remodelling after fatigue damage (Schaffler et al., 2014; Goldring, 2015) , provides additional signals either through release of factors during osteocyte apoptosis or due to signal termination in the absence of osteocytes. The role of osteocytes in osteoblast navigation is likely to be broader. For example, bone formation during adaptive modelling, a load-dependent process that shapes bones, does not require initial bone resorption or vascular invasion (Seeman, 2009) , and thus requires directed osteoblast migration in an environment with limited cellular sources of chemoattractants. It can be postulated that in this environment the osteocyte constitutes the primary cellular source of osteoblast navigation signals. The interaction between osteocytes and migrating osteoblasts is not limited to chemoattractants. More recent studies have shown that osteocytes respond to load with decreased production of the wingless-related integration site (Wnt) signalling inhibitors sclerostin and Dickkopf Wnt signalling pathway inhibitor 1 (Robling et al., 2008) . This is relevant because, during embryonic development, loss of Wnt signalling typically results in severe skeletal deformities due to disturbed patterning (Maupin, Droscha & Williams, 2013) , a process intimately related to cell migration. Considering that canonical Wnt signalling is an important regulator of osteoblast function (Macsai, Foster & Xian, 2008) and that adenomatous polyposis coli (APC), which participates in Wnt signalling, is an important regulator of cell migration (Etienne-Manneville, 2009), the concept of osteocyte-mediated control of osteoblast migration via blockage of Wnt signalling warrants further investigation.
In skeletal tissues, an alternative to the direct release of chemoattractants and repellents from cells exists. Because cells such as osteoblasts or chondroblasts deposit an array of biological factors within the matrix during its formation, the matrix serves as a reservoir for chemoattractants and repellents. Release from the matrix is facilitated by proteolytic degradation. For example, Oursler (1994) showed in vitro that avian osteoclasts secrete proteases into the extracellular milieu and that this facilitates the release of the chemoattractant TGF-β from its latent precursor. More importantly, in vivo and in vitro studies by Tang et al. (2009) demonstrated that an osteoclast-mediated release of TGF-β1 from the matrix is not only important as a migration signal but also facilitates proper coupling of bone resorption to formation, suggesting a functional relationship between osteoblast migration and bone remodelling. It should, however, be noted that (i) proteolytic release of chemoattractants from the matrix might be rather unspecific, and (ii) it likely leads to concurrent release of several chemoattractants. How cells migrate in such environments is discussed in Section II.1c.
(c) Migration of osteoblasts in multiple chemotactic gradients
Osteoblasts can be exposed to more than one chemotactic gradient at a time, raising the question of how they respond to such an environment. The principal behaviour of cells, likely including osteoblasts, to multiple chemotactic gradients was established in in vitro work (Foxman, Campbell & Butcher, 1997; Foxman, Kunkel & Butcher, 1999) . These authors made four important observations. First, there is hierarchy in the chemoattractive response because at identical conditions of migratory stimulation, chemoattractants exhibit different potency. Recent work has shown that specific silencing of PDGF-BB in osteoclasts is sufficient to reduce osteoblast migration by 50%, while suppression of VEGF-A or LIF had no effect (Sanchez-Fernandez et al., 2008) . Second, the migration path follows the vector sum, assuming that individual gradients can be described as vectors.
Third, migration along a chemoattractant gradient can be abolished, for example by saturation of a receptor with chemoattractant or by receptor desensitization. This, for example, permits cells to ignore a near gradient while responding to a far gradient. GPCRs are particularly well understood in this respect, and have been shown to undergo ligand-dependent receptor desensitization, in which ligand-bound receptors are turned off after a transient period of signalling (Lin & Butcher, 2008) . Fourth, there are dominant chemoattractants which, at defined concentrations, can induce a migratory stop. However, cells are released from this in response to a different chemotactic gradient. At present, we anticipate that above behaviour also applies to osteoblasts as the reported optimum concentrations of osteoblast chemoattractants support this proposal (Table 1) .
III. OSSEOUS SURFACES AS OSTEOBLAST NAVIGATION SIGNALS
With the exception of circulating osteogenic precursors (Pignolo & Shore, 2010) , osteoblasts migrate on surfaces and hence adhesion to a surface typically occurs prior to movement. Similar to other cell types, osteoblasts adhere to surfaces via focal adhesions and in vitro work by Biggs et al. (2008) investigated the relationship between focal adhesion formation and surface topography (Fig. 3) . They examined grooved biomaterials with variable width and a fixed depth of approximately 300 nm, a size dimension found in tropocollagen. A groove width of 25 μm led to the formation of adhesions predominantly on the raised ridge areas (Fig. 3A) , while osteoblasts on 10 μm grooves aligned with groove direction. By contrast, a groove width of 100 μm (Fig. 3B) did not affect adhesion formation compared to a flat surface, despite this groove width previously being shown to facilitate osteoblast aggregation (Zinger et al., 2005) . We speculate that osteoblasts utilize surface recognition features as landmarks, for example to differentiate elevated and lowered surface structures such as osteoid and resorption pits, respectively. However, the above studies were carried out on biomaterials and validation of these observations on true osseous surfaces is necessary.
Osteoblasts utilize the focal adhesions to facilitate surface recognition and binding through the extracellular domains of cell-membrane-spanning receptors, namely receptors of the integrin family. In situ and in vitro studies show that in osteoblasts the β 1 integrin subunit is predominant, while the β 2 and β 4 subunits are not detectable (Helfrich et al., 2008) . The β 1 subunit in osteoblasts forms a number of heterodimeric receptors, including α 1-5 β 1 and α v β 1, 3, 5 (Hughes et al., 1993; Gronthos et al., 1997) , however, both the in vivo expression pattern and the specific role of each of these heterodimeric integrin receptors has not yet been fully established. The functional relevance of the β 1 integrin subunit has been demonstrated in mouse models in vivo. Osteoblast-specific overexpression of a dominant negative β 1 integrin subunit resulted in decreased osteoblast adhesion, altered bone formation, and decreased bone mass (Zimmerman et al., 2000) , while global deletion of integrin cytoplasmic domain-associated protein-1, an inhibitor of β 1 integrin downstream signalling, shows enhanced osteoblast adhesion along with altered bone formation (Bouvard et al., 2007) . These findings not only demonstrate that altered integrin function is associated with bone abnormalities but also that integrins tune the adhesion strength of osteoblasts to surfaces. This is of considerable relevance to osteoblast migration, because the efficiency of cell movement on a given surface is a function of the level of adhesion, and optimal movement is typically observed at an intermediate adhesion level (Huttenlocher, Sandborg & Horwitz, 1995) .
The importance of integrin-mediated adhesion to osteoblast migration can be appreciated in embryonic development. Formation of the sclerotome during dorsoventral patterning is guided by gradients of Wnt and Sonic hedgehog (Brent & Tabin, 2002) , and in vitro studies using neural crest cells, an embryonic osteoblast precursor cell type derived from avian embryos at a 20-25 somite stage, demonstrated that Sonic hedgehog directly inhibited migration of neural crest cells (Testaz et al., 2001) . Inhibition was concentration-dependent and data suggested that Sonic hedgehog acted as a competitor for integrin ligand binding. Thus, independent of integrin receptor expression, the availability of the free receptor binding sites can regulate spatial migration of embryonic osteoblast precursors.
The interplay between osseous surfaces and osteoblast migration is likely to be multifaceted. We begin our discussion by outlining the major surface components recognized by adhering osteoblasts. The heterodimeric integrin receptors on osteoblasts are capable of binding to the major components of bone matrix, such as type I collagen and non-collagenous matrix components including bone sialoprotein, osteopontin, vitronectin, osteoactivin, osteonectin, thrombospondin(s) and fibronectin (Helfrich et al., 2008) . Binding, in particular to bone sialoprotein, osteopontin and vitronectin, is mediated by the tripeptide Arg-Gly-Asp (RGD) in these proteins (Grzesik & Robey, 1994) . Functionally, the heterodimeric integrin receptors serve as links between the extracellular matrix, where they bind to immobilized ligands including collagen and RGD, and the intracellular cytoskeleton, where they not only connect to the actin network but also facilitate signal transduction. For example, Popov et al. (2011) demonstrated that in MSCs a deficiency in the α 2 or α 11 integrin subunit led to disturbed FAK and v-Akt murine thymoma viral oncogene (Akt) signalling accompanied by inhibited migration, reduced osteogenic differentiation, and increased apoptosis. Conversely, the composition of integrin ligands in an osseous surface modulates cellular responses including migration, an observation frequently exploited in bone tissue engineering (Meyer et al., 2005) . That the composition of integrin ligands presented on an osseous surface modulates cellular responses is of relevance because the composition of the osseous surface is not uniform. For instance, Boskey et al. (2015) showed heterogeneity of collagen maturity in human (Homo sapiens) bone. Further, Carter, Sloan & Aaron (1991) found a heterogeneous distribution of matrix components in different types of bone tissue of the human femur and reported that fibronectin, although considered a principal non-collagenous component of bone matrix, is absent from mature lamellar bone. Moreover, in vitro work by McKee et al. (1993) demonstrated that the RGD-containing matrix components osteocalcin and osteopontin were not localized homogenously but restricted to patches of mineralized bone and mineralization loci of osteoid.
The mechanisms by which osseous surfaces control osteoblast migration are sophisticated. For example, matrix components such as type I collagen or fibronectin, although immobilized within a ridged matrix, can be recognized by osteoblasts as chemoattractants and induce haptotaxis, i.e. migration along a gradient of cellular adhesion sites or substrate-bound chemoattractants. Sotobori et al. (2006) found that immobilized fibronectin and in particular immobilized type I collagen elicit marked osteoblast migration as compared to laminin-1 and that the response was concentration dependent. Further, they observed that bone morphometric protein-2 (BMP-2) increased the haptotactic osteoblast migration, possibly through modulation of integrin β1 presentation in membrane lipid rafts (Sotobori et al., 2006) . Hence, osteoblasts may also migrate along haptotactic gradients of immobilized matrix components. A potential receptor mediating the haptotactic response of osteoblasts on resorbed bone, i.e. a catabolic matrix (Everts et al., 2002) has already been reported by Abdelgawad et al. (2014) . They found that osteoblastic cells express the endocytotic collagen receptor urokinase-type plasminogen activator receptor-associated protein (uPARAP) and that blockage of the receptor reduced haptotaxis towards type I collagen (Abdelgawad et al., 2014) .
The emerging evidence that the matrix may play an important part in controlling osteoblast migration on osseous surfaces led us to propose that the mineral portion of bone may also be involved in these processes. This suggestion is based on work showing that the collagen fibrils in bone contain mineral both inside and on their surface (Hassenkam et al., 2004) . Thus, bone mineral could partially mask RGD motifs, thereby decreasing adhesion and permitting increased migration. Such a relationship would predict increased migration of mineralized surfaces and decreased migration on osteoid. For instance, in the BMU (Fig. 1A) , bone apposition by osteoblasts occurs while the cells adhere to osteoid resulting in slow collective osteoblast movement, thus permitting sufficient time for proper apposition of the complex yet highly organized matrix. As the BMU constitutes several types of bone tissue including mature bone, resorbed bone, osteoid and immature bone, it is possible that the osseous surface the osteoblasts migrate upon offers important signals, a possibility that warrants experimental investigation.
In skeletal disease, specifically osteoporosis, the pathophysiological relevance of an altered osseous surface composition has been investigated by applying Fourier-transform infrared microspectroscopy techniques to in vitro studies comparing matrix and mineral properties between human osteoporotic and healthy bone. Paschalis et al. (2004) found a decrease in collagen flexibility, reflected by increased cross-linking, while Boskey et al. (2005) reported a larger size of the mineral crystals. Therefore, alterations in both matrix and mineral properties of osteoporotic bone exist. Another important aspect relates to surface modifications through pharmacological intervention; in osteoporosis intervention, the anti-resorptive bisphosphonates target the osseous surface. Zoledronate was shown in vitro to halt osteoblast migration (Koch et al., 2011) , likely due to a toxic effect of bisphosphonate on osteoblasts (Basso et al., 2013) . In the future, it will be particularly important to determine if surface alterations or pharmaceutical treatments influence migratory behaviour of osteoblasts in patients afflicted by osteoporosis. Since osteoblastic activity is thought to be relatively decreased in osteoporosis (Biggs et al., 2008) , this seems a likely scenario.
Both alterations in the surface composition and in the molecular pathways of the migrating osteoblastic cells may contribute to abnormal migration of osteoblastic cells in skeletal pathologies including osteoporosis. Haasters et al. (2014) already investigated differences in the migratory behaviour of human osteoprogenitors derived from normal and osteoporotic bone using a horizontal cell-migration system in vitro. Their data showed that cells from osteoporotic bone exhibited a reduction in migration towards chemotactic gradients of BMP-2 and -7 on a type IV collagen substrate (Haasters et al., 2014) . Additional gene-expression analysis revealed a pronounced reduction in integrin α2 expression, potentially attributing to the observed migration defect (Haasters et al., 2014) .
IV. OSSEOUS FLUID FLOW AS AN OSTEOBLAST NAVIGATION LANDMARK
It has long been recognized that mechanical loading is essential for proper bone function, including maintaining the structural integrity of the skeleton and fracture healing (Balogh et al., 2012; Klein-Nulend et al., 2013) . In an excellent review, Thompson, Rubin & Rubin (2012) indicated that the entire osteoblast lineage, as well as osteoclasts, participate in the response to mechanical signals such as strain, pressure or shear stress induced by fluid flow. Based on previously published reports, they delineated four classes of mechanotransducer systems. Firstly, and perhaps most importantly, the integrin-actin axis acts as principal transducer of mechanical signals. Second, cell-cell connections, including connexin 43, function as mechanotransducers. Third, calcium channels and purinergic receptors, such as the purinergic receptor P2X7 which has been shown to mediate fluid shear stress in osteoblasts (Li et al., 2005b) , serve as signal transducers following mechanical stimulation. Of note, Jorgensen et al. (2012) recently reported that in patients, a loss-of-function Arg307Gln amino acid substitution in the P2X7 receptor is associated with decreased bone mass. Fourth, primary cilia transduce mechanical signals and osteoblasts possess cilia (Xiao et al., 2006) . It is striking that the first three classes have also been implicated in the migration of osteoblasts, as discussed above. In concordance with this overlap in transducers of mechanical and migration signals, the cellular responses to these signals share key signalling pathways, such as β1 integrin-FAK-signalling, growth factor receptor signalling via PI3K or Ras, GPCR and MAP kinase signalling (Liedert et al., 2006; Papachroni et al., 2009) . These data point to mechanical signals, such as fluid flow, as potential landmarks for osteoblast migration and navigation. Recent in vitro work by Riehl et al. (2015) demonstrated in mouse C3H10T1/2 cells, which can undergo osteogenic differentiation in vitro, that fluid flow guides these cells in the flow direction and that their migration accelerates with increasing shear stress. These effects were dependent on FAK signalling. In another intriguing contribution, Smit, Burger & Huyghe (2002) modelled strain-induced fluid Osteoblasts can also sense mechanical signals, for example from fluid flow, that can guide the tracks of osteoblasts. Generally, migration of osteoblasts occurs on surfaces such as resorbed bone or newly formed osteoid and these surfaces control, for example, cell adhesion or receptors for chemotaxis; they can also provide substrate-bound chemoattractants for haptotaxis. IL-1β, interleukin β1; TGF-β1, transforming growth factor-β1. flow in the BMU and concluded that during compression a fluid influx along the reversal and closing zones and a fluid efflux along the cutting cone occurs. With respect to a potential pathophysiological relevance, altered fluid flow around osteocytes in the lacunar-canalicular network of oestrogen-deficient mice suggested a role of abnormal fluid flow in osteoporosis (Sharma et al., 2012; Ciani et al., 2014) . Another type of signal produced by mechanical load in bone is a time-varying electric field (Otter, McLeod & Rubin, 1998) . In conjunction with similar fields elicited by contracting muscle and steady direct currents produced by cell metabolism, these cues are likely to result in electric field variations in bone. Such fields appear to have the potential to guide osteoblast motility and the Na + /H + exchanger, and intracellular Ca 2+ signalling seems to play a role in this (Ozkucur et al., 2009; Perike et al., 2014) . Altogether, it is evident that mechanical signals modulate osteoblast migration and navigation and we feel that the relationship between mechanical signals and osteoblast migration deserves further investigation.
V. CONCLUSIONS
(1) Since the first detailed description of osteoblast migration 30 years ago, components of the molecular and cellular machinery that drive osteoblast migration have been identified. Osteoblasts utilize integrins to adhere to osseous surfaces, thereby using the strength of adhesion to control their motility. However, the integrin-mediated bond of osteoblasts to the osseous surface is not restricted to physical adherence. Rather osteoblasts use integrins to survey the surface for ligand composition, in turn informing the osteoblast via intracellular signalling pathways about navigation signals provided by the surface composition. Further, a spatial change in the surface composition can be recorded and processed to help to determine the osteoblast's migratory path. In addition, integrins can integrate migration signals from the surface with navigation signals received through mechanical force. The multifaceted navigation signals that guide osteoblasts to their destination are summarized in a novel working model (Fig. 4) .
(2) The migratory potential of osteoblasts is higher in undifferentiated osteoblasts than in differentiated, bone-forming osteoblasts. Thus, osteoblast differentiation and migration are inversely related. However, there is no evidence that even mature osteoblasts lose their ability to navigate precisely during active bone formation.
(3) The osteoblasts discussed in this review encompass osteoprogenitors, immature osteoblasts, and mature osteoblasts from several species, and the cells were isolated and characterized using a number of techniques. This variability in cell populations poses limitations to comparisons of results from different studies. Thus, forthcoming migration studies might benefit from the use of more-standardized cell-isolation techniques and additional validated osteoblastic markers. Similarly, migration studies are often based on surfaces with limited relevance to the osseous surface in vivo and it will be important to define signals better from such surfaces to allow us to understand, for example, how woven and lamellar bone affect osteoblast movement. The discovery of different classes of navigation signals will allow us to understand better how osteoblasts process and respond to multiple signals. Finally, much of the work discussed herein was derived from in vitro studies and, despite considerable technical challenges, it will be of great importance to begin to validate current concepts in vivo.
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